Naturally occurring benzoxazinones (Bx) are a highly reactive class of compounds that have received particular attention in the past several decades. Recently, we identified 2-β-D-glucopyranosyloxy-4-hydroxy-1,4-benzoxazin-3-one (DIBOA-Glc) as the compound present in the roots of Eastern gamagrass {Tripsacum dactyloides (L.)} responsible for atrazine degradation. However, characterization of the DIBOA-Glc/atrazine degradation reaction has been limited due to difficulties in attaining sufficient quantities of purified DIBOA-Glc. The objective of the study was to develop a simple purification and isolation method for obtaining bulk quantities of highly purified DIBOA-Glc. T. dactyloides roots were extracted with 90% aqueous methanol, and the crude extract was fractionated using an HPLC equipped with a C 8 semi-prep column and fraction collector. UHPLC-DAD-MS/MS was used to confirm the identity of DIBOA-Glc in the fractions collected. Analysis by 13 C and 1 H NMR and DAD indicated that 542 mg of DIBOA-Glc with a purity of >99% was obtained. The reactivity of the DIBOA-Glc was confirmed in a 16 hour assay with atrazine, which resulted in 48.5% ± 1.2% (SD) atrazine degradation. The method described here offers several advantages over existing extraction and synthesis methods, which are more cumbersome, use hazardous chemicals, and yield only small quantities of purified compound. The newly developed method will facilitate future research characterizing the chemical behavior of DIBOA-Glc and determine its potential as an atrazine mitigation and remediation tool.
Naturally occurring benzoxazinones (Bx) have been studied extensively over the last several decades and are highly reactive natural compounds [1] . While early work focused on their ability to impart triazine-resistance in a number of agronomically important crops [2] [3] [4] , recent work has focused on their use as naturally occurring herbicides in rye (Secale cereale) cover crops [5] . Research has shown that Bx compounds possess a wide range of other beneficial properties including insecticidal, anti-tumor, antifungal, and anti-microbial properties [1, [6] [7] [8] . Recently, we identified 2-β-D-glucopyranosyloxy-4-hydroxy-1,4-benzoxazin-3one (DIBOA-Glc) (Figure 1 ) as the atrazine-degrading compound present in the roots of Eastern gamagrass {Tripsacum dactyloides (L.)} [9] . T. dactyloides is a native grass species used in vegetative filter strips as a conservation measure to mitigate surface water contamination in agroecosystems. However, characterization of the DIBOA-Glc /atrazine degradation reaction has been limited due to difficulties in attaining sufficient quantities of purified DIBOA-Glc.
Currently, DIBOA-Glc cannot be readily purchased from commercial sources, and, therefore, must be either extracted or synthesized. Of the numerous procedures available for obtaining the compound, the need for a simplified purification and isolation method for obtaining bulk quantities of highly purified DIBOA-Glc remains. Such a method would use readily available solvents of low toxicity, require little sample preparation, and would use common chromatographic instruments to partially automate the separation process. Many of the available methods are sufficient for producing highly purified material suitable for preparing quantitative standards [10] [11] [12] , but these methods do not produce sufficient DIBOA-Glc mass required for larger scale studies. Furthermore, these published methods often lack information regarding purity, yield, identification confirmation, and employ complicated extraction or synthesis schemes. One group has developed a method for obtaining highly purified material from plant extracts [13] , but the use of an uncommon high-speed counter-current chromatography (HSCCC) system limits it widespread applicability. Hartenstein and Sicker [14] reported the isolation of 350 mg of DIBOA-Glc from rye shoots by successive solvent extraction followed by TLC separation. However, the method is labor intensive and not conducive to automation. Another approach for obtaining pure Bx compounds involves the use of stereoselective synthesis [15] . While this method can synthesize highly pure DIBOA-Glc, the procedure yields <100 mg of purified material and requires the use of hazardous components. The current research demonstrates a purification method using HPLC with direct injection of crude aqueous methanol root extracts from T. dactyloides to yield substantial mass of purified DIBOA-Glc Aqueous methanol extracts of T. dactyloides roots were fractionated using HPLC with a semi-prep column and fraction collector. A sample chromatogram is shown in Figure 2a . A large injection volume (500 μL) created an overload of the column, resulting in poor peak shape. However, the peak of interest exhibited a consistent retention time (15.7 min) . Figure 2b shows a sample chromatogram of the purified material diluted to 20 M as analyzed using HPLC with an analytical column. The purified sample contained a single peak at 16.8 min, qualitatively demonstrating the robust utility of the semi-prep column purification procedure.
To confirm the identity and purity of the collected factions, several spectroscopic and spectrometric techniques were employed including 1 H and 13 C NMR, UHPLC with DAD, and MS/MS. The 2-D NMR spectra confirmed the identity of DIBOA-Glc in the sample containing the collected fraction. The 1 H and 13 C NMR spectra confirmed the number of H and C atoms and bonds in the molecule. The arrangement of H and C atoms and bonds in the molecule as determined by 1 H-correlation spectroscopy ( 1 H -COSY) and heteronuclear multiple-quantum correlation (HMQC) analyses (data not shown) were consistent with the expected results for the DIBOA-Glc molecule.
The UV spectra obtained by UHPLC-DAD for t R = 2.2 min corresponded with previously reported UV (methanol) λ max 202, 259, and 287 for DIBOA-Glc [16] . The chromatographic peak with t R = 2.2 min showed a pseudomolecular ion [M+H] + of m/z 344, which fragmented to yield product ions at m/z 164 and 182, with relative abundances of 100% and 19%, respectively; this was in agreement with previously reported spectra for DIBOA-Glc [9, 11] . The 2-D NMR, UV-Vis spectra, and MS/MS data provided five points of identification.
The DIBOA-Glc peak dominated the UV-Vis spectrum. A small peak with t R =0.9 min was tentatively identified as acetone based on the UV spectrum (λ max = 264 nm). The trace amount of acetone was presumed to be from glassware solvent rinsing and was considered a sample matrix component and not an impurity. Thus, the dominant peak at t R = 2.2 min in the UHPLC-DAD chromatogram was the only peak present, resulting in a purity estimate of >99%. All peaks present in the 1 H and 13 C spectra were identified as either sample matrix components or the target compound, thus yielding a purity of >99% for the isolated DIBOA-Glc. The process yielded 0.64 mg of DIBOA-Glc per 500 µL injection. In total, 542 mg of highly pure (>99%) material was collected from approximately 4 kg of roots (wet weight). In comparison, the HSCCC method used by Yin et al. [13] resulted in 4.8 mg of DIBOA-Glc (94.8% purity) from 1 kg of dry aerial plant parts. A synthesis method developed by Kluge and Sicker [15] yielded 27 mg of DIBOA-Glc with a quantitative measure of purity not reported. Hartenstein and Sicker [14] isolated 350 mg from 1 kg of rye shoots, but a quantitative measure of purity was not reported. These synthesis and extraction methods yielded only a fraction of what was obtained with the current method.
To demonstrate the reactivity of the extracted and isolated DIBOA-Glc, a simple assay was performed with atrazine for 16 hours. The result was 48.5 ± 1.2% (SD) degradation of the atrazine. The degradation of atrazine in the presence of the isolated DIBOA-Glc was consistent with previous findings [9] . b.
Figure 2:
Chromatographs of a) crude methanol root extracts with the semi-prep column method, shaded area is the fraction collected and b) purified DIBOA-Glc material diluted to 20 mM and analyzed with a Columbus 250x4.6mm, 5m, C 8 , 110Å analytical column and 25 µL injection volume. Mobile phase was 1 mL/min methanol/water with a gradient from 10-75% methanol over 65 min, held at 10% methanol from 65-80 min.
The results of the identification confirmation and purity determination demonstrate that a simple methanol extraction procedure followed by HPLC semi-prep separation produced highly purified material sufficient to use as an authentic standard material for quantitative research. The goal of the current study was to obtain highly purified material in the most facile way, and Figure 2 demonstrates the efficacy of the method and its ability to eliminate numerous compounds within the crude root extract to that of a single highly purified compound. The method offers advantages of simplicity, use of standard HPLC equipment, and compound selectivity. With minor changes based on compound retention time, this utilitarian method could be adjusted to collect any compound of interest that is compatible with the C 8 column and mobile phase system. Possible applications include isolation of other Bx compounds or phytochemicals from a variety of plant species or tissues. However, the method is not without its limitations. Because crude methanol root extracts were injected directly on to the column, a lengthy HPLC method was required to separate compounds sufficiently and maintain the integrity of the column. As such, the current method was time consuming. A total of 24 days of instrument time were required to collect 542 mg of DIBOA-Glc.
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Accounting for the additional time required for concentrating the HPLC fractions, this is comparable with the 8 hours needed by Yin et al. [13] to collect just 4.6 mg of DIBOA-Glc. In addition, large volumes of solvent were required to operate the pumps at the 4 mL/min flow rate; approximately 27 L of methanol were used for the HPLC separations. However, methanol can be obtained in high purity for relatively low cost, and is considered a better alternative to other more expensive and environmentally hazardous solvents commonly used in HPLC. While standard HPLC equipment was used for the separation, the initial identification and purity determinations utilized MS and NMR analyses, which are less widely available than standard HPLC instrumentation. However, these analyses are only needed initially to establish compound purity and commercial or research laboratories can provide these analyses on a contract basis. The newly developed isolation and purification method, which requires minimal sample preparation, employs non-chlorinated solvents, and is conducive to automation with standard HPLC instrumentation, will facilitate future research to characterize the reaction mechanism of the DIBOA-Glc/atrazine reaction and help to determine DIBOA-Glc's potential as a mitigation and remediation tool. Extraction and fractionation: T. dactyloides root material was collected and methanol root extracts were prepared as described previously in Willett et al. [9] . In brief, T. dactyloides roots were homogenized in 90% methanol/water using a blender and then extracted on an end-to-end shaker for 12-16 h. Root extracts were filtered to remove solid material and extracted with an additional 100 mL methanol. The filtrate was evaporated to achieve a 10% methanol/water solution (for antimicrobial purposes). Samples were then centrifuged for 20 min at 5000 rpm at 10°C to further remove colloids and other solids from the samples. This supernatant was then directly injected into an HPLC system for purification.
A Shimadzu LC-10AT VP (Columbia, MD, USA) HPLC system equipped with an auto injector, fraction collector, UV detector, and a Phenomenex Luna C 8 (2) (250 x 50 mm) semi-prep column (Torrance, CA, USA) were used to purify DIBOA-Glc. An isocratic method using a 20% aqueous methanol (1:4 CH 3 OH:H 2 O) mobile phase at a flow rate of 4 mL/min for 40 min with UV detection at 220 nm and a sample injection volume of 500 μL was employed. The retention time of DIBOA-Glc was 15.7 min. Fraction collection was based on slope/threshold parameters indicated for a 2 min time window between 15-17 min, and parameters were set to reduce contamination from nearby peaks. Eight-hundred and forty-eight fractions were collected. These were then combined, evaporated, and solvent exchanged to produce a concentrated stock solution of 192 mL in 80% methanol.
Identification confirmation: An 8 mL aliquot of the 80% methanol stock solution was evaporated to dryness under a stream of N 2 gas and re-suspended in 650 μL of DMSO-d 6 . The sample was centrifuged and transferred into a 500 MHz NMR sample tube. A Bruker DRX 500 MHz spectrometer with a cryo-chilled TCI probe was used to acquire 1 H and 13 C spectra (Billicera, MA, USA). Compound structure was further confirmed using 2-D NMR 1 H-COSY and HMQC analyses.
A 20 μM aqueous solution of the isolated compound was analyzed for identity with a Waters (Milford, MA, USA) UHPLC-DAD-MS/MS. An ammonia formate/methanol gradient mobile phase was used to analyze 10 μL injection volumes. The mobile phase was 2% methanol from 0-4 min, 100% methanol from 4-4.3 min, and 2% methanol from 4.4-5 min. The flow rate was 0.4 mL/min. A Waters C 18 (1.7 μm, 2.1 x 50 mm) column was used at 40°C. These conditions resulted in a retention time for DIBOA-Glc of 2.2 min. Photodiode array spectra were collected from 190-450 nm, and the UV-VIS spectrum was used as an additional point of identification. For the mass spectrometry, ESI (+) was the ionization method. Chromatograms and spectra were compared with a previously obtained DIBOA-Glc authentic standard [9] to confirm the identity of DIBOA-Glc in the sample.
Purity determination: Two approaches were used for purity determination. One involved use of the UHPLC-DAD, in which purity was determined as area of the DIBOA-Glc peak divided by the total area of all peaks in the chromatogram scan from 190-450 nm. The other method was NMR in which the peak integrations of unidentified peaks in the 1 H and 13 C spectra were used in a similar manner to calculate the purity of the NMR sample material [17] .
Concentration determination:
To determine DIBOA-Glc concentration in solution, 5 μL (0.00491 g) of pyridine (99.5% purity) was added to 550 μL (0.65416 g) of the sample used for NMR analysis (DIBOA-Glc dissolved in DMSO-d6). The 2-D NMR analyses were repeated as described above. Peak intensities of pyridine and the sample were compared to determine concentration. Four combinations of peak intensities were assessed and the reported concentration represents the mean value. An assumed sample purity of 100% was used during the calculations of concentration as no unidentified peaks were present in the spectra.
Atrazine degradation confirmation:
A simple assay was carried out to confirm the atrazine-degrading ability of the isolated extract. Reaction vessels containing 500 μL of 2000 μM DIBOA-Glc and 500 μL of 20 μM atrazine were allowed to react at ambient temperature for 16 h. Control samples containing 500 μL DI water and 500 μL of 20 μM atrazine were also tested. Reaction samples and controls were prepared in triplicate. Liquid/liquid extraction with 1 mL dichloromethane x 3 was performed to stop the reaction. The organic fraction was collected, evaporated to dryness under a stream of N 2 gas at 40°C, and resuspended in 1 mL of 40% acetonitrile/water. Atrazine concentration was analyzed using HPLC, as described in Willett et al. [9] .
2-β-D-Glucopyranosyloxy-4-hydroxy-1,4-benzoxazin-3-one (DIBOA-Glc)
UV/Vis λ max (water) nm: 212, 255, and 280. 1 
